Abstract This study evaluated the combined effect of Nd:YAG laser irradiation and fluoridated gels containing photo absorbers against enamel erosion. Enamel specimens from bovine teeth were polished, eroded (10 min, with 1% citric acid, pH = 2.6), and randomly allocated into the experimental groups (n = 8), according to the different surface treatments: fluoridated gels (F: 9047 ppm F and F + Sn: 9047 ppm F and 3000 ppm Sn), with or without photo absorbers (E: erythrosine and MB: methylene blue), and associated or not with Nd:YAG laser irradiation (in contact; 0.5 W; 50 mJ;~41.66 J/cm 2 ; 10 Hz; 40 s; pulse duration of 120 μs). A placebo gel (PLA) associated or not with laser was used as control. All gels had pH = 4.5 and were applied for 2 min. Laser irradiation was performed during gel application. The specimens were then submitted to a 5-day erosionremineralization cycling model using 0.3% citric acid (pH = 2.6), 4×/day. Enamel surface loss (SL) was analyzed by optical profilometry in the end of the cycling (in μm). Data were analyzed by ANOVA and Tukey tests (α = 0.05). Means (SD) of SL for the groups were the following (different superscript letters imply significant difference among groups): PLA In conclusion, all fluoridated gels and the Nd:YAG laser irradiation reduced erosion development, but the combination of treatments did not promote further protection. The addition of photo absorbers to the fluoridated gels did not influence the anti-erosive effect of the combination of laser plus fluoridated gels.
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Introduction
Erosive tooth wear (ETW), which is the loss of dental hard tissues resulting from the interaction of chemical and physical phenomena on the tooth surface without bacteria involvement, can exert an impact in the long-term health of the dentition, influencing the well-being of those affected [1] . The frequent exposure of the teeth to dietary and stomach acids can cause its superficial dissolution, a process known as dental erosion [2] . Continuous acid exposure acting together with the mechanical impacts, such as toothbrushing or tooth-to-tooth contact, can result in the wear away of outer layers of enamel [3] . An early clinical sign of this process is the loss of luster, which is followed by a flattening of convex structures. Restorations appear to be above the tooth level and the tooth acquires a more yellowish appearance. In more advanced stages, tooth morphology becomes seriously compromised, often affecting the vertical dimension of the dentition. Moreover, dentin gets exposed, which could lead to a painful condition called dentin hypersensitivity [4, 5] .
Considering that ETW has become a common finding in populations worldwide, the search for effective preventive measures for this condition is necessary [1, 6] . Topical application of fluoridated products is one of the recommended approaches [7, 8] . Up until now, fluoride was tested as different compounds; however, studies have shown that metal fluoride compounds have a better performance [9, 10] . It was also observed that products with higher fluoride concentrations have induced improved protection [11, 12] , in addition to make the eroded substrate more resistant to toothbrushing abrasion and attrition [13, 14] . Examples of products with high fluoride concentrations are the gels and varnishes used in in-office treatments. The advantage of products for professional application is that they do not depend on the patient's compliance [15] ; nevertheless, it is unknown whether the low frequency of application of these products would sustain longterm protection under highly erosive environments [8] .
Irradiation of the dental hard tissues with lasers, such as the Nd:YAG, has also been used as an in-office approach to control ETW [15] [16] [17] . This laser acts by increasing the temperature of the dental structure, causing its melting and subsequent re-solidification. This is assumed to promote several chemical and physical changes, some of which are responsible to decrease enamel demineralization [18, 19] . When associated with fluoride [16, 17, 20] , it was postulated that there is an increase in fluoride deposition over the dental surfaces, due to the formation of microspaces that would act as additional retention sites for fluoride [20, 21] . In a previous study, the antierosive properties of the association between Nd:YAG laser and different fluoridated gels were investigated [15] . However, in this study, the laser alone was not able to significantly decrease enamel loss when compared to the control group, although there are several reports in the literature showing that Nd:YAG laser is effective in reducing enamel demineralization caused by cariogenic challenges [22, 23] . The laser also failed to improve the anti-erosive effect of the fluoridated gels. Based on these results, we hypothesized that, since the Nd:YAG laser photons are better absorbed by some pigments [24] , if the fluoridated gels had a photo absorber, the heat promoted by the laser absorption would be more concentrated at the dental surface [25] . This would increase, therefore, the possible synergistic effect between fluoride and laser against erosion, as the erosive process, on contrary of caries, is mostly a surface phenomenon.
Thus, the hypothesis of the present study was that the addition of photo absorbers to fluoridated gels during Nd:YAG laser irradiation would concentrate the action of the laser at the enamel surface, increasing fluoride retention, thereby reducing enamel loss in face of erosive challenges.
Objectives
The objective of this study was to evaluate the effect of the association between fluoridated gels with different photo absorbers and Nd:YAG laser irradiation on enamel erosion development.
Materials and methods

Experimental design
This study followed a complete randomized experimental design with one experimental factor, surface treatment, in 11 levels (Table 1) : PLA: placebo gel (without active ingredients); F (sodium fluoride gel, 9047 ppm F); F + Sn (sodium fluoride plus stannous chloride gel, 9047 ppm F and 3000 ppm Sn); laser (Nd:YAG laser irradiation); PLA + laser: placebo gel and laser irradiation; F + laser (sodium fluoride gel and laser irradiation); F + Sn + laser (sodium fluoride plus stannous chloride gel and laser irradiation); F + E + laser (sodium fluoride gel with 5% erythrosine and laser irradiation); F + MB + laser (sodium fluoride gel with 5% methylene blue and laser irradiation); F + Sn + E + laser (sodium fluoride plus stannous chloride gel with erythrosine and laser irradiation); and F + Sn + MB + laser (sodium fluoride plus stannous chloride gel with methylene blue and laser irradiation). The anti-erosive effect of the treatments was tested in an erosion-remineralization cycling model during 5 days, using enamel specimens (n = 8) obtained from bovine incisors, which were previously eroded. The response variable was enamel surface loss (SL, in μm), measured at the end of cycling with an optical profilometer.
Specimen preparation
Bovine incisors from young and male cattle, with similar diet, were obtained from a slaughterhouse, stored in 0.1% thymol solution under refrigeration at 4°C, until the beginning of the experiment. After cleaning with periodontal curettes, they were submitted to prophylaxis with Robinson's brush coupled in a low-speed hand piece, pumice powder, and water, and stored in distilled water at 4°C. Eighty-eight enamel slabs (4 mm × 4 mm × 2 mm) were cut from the crowns of bovine incisors using an automatic cutting machine (Isomet, Buehler, Lake Bluff, IL, USA). The slabs were embedded in acrylic resin (Varidur, Buehler). The resulting blocks were flattened and polished, using the following sequence of abrasive papers: 600-, 1200-, 2400-, and 4000-grit (Buehler), under constant water cooling. At the end of the polishing procedure, the specimens underwent an ultrasonic bath with deionized water for 3 min. Specimens without fractures or any other visual imperfections were then selected.
Profilometric analysis
After preparation, the specimens were submitted to profilometric analysis to select specimens with curvature <0.3 μm. This analysis was performed with an optical profilometer (Proscan 2100, Scantron, Venture Way, Tauton, UK). The instrument sensor scanned an area that was 2 mm long (X-axis) and 1 mm wide (Y-axis), located at the center of the specimen. The equipment was set to go through 200 steps in the X-axis, with each step measuring 0.01 mm. In the Y-axis, there were 20 steps measuring 0.05 mm each. The curvature was calculated based on the subtraction of the mean height of the future test area from the mean height of the two reference surfaces using a specific software (Proscan Application software v. 2.0.17) [15] . Unplasticized polyvinyl chloride (UPVC) tapes were then placed on the selected specimens' polished surfaces, leaving a central window of 4 mm × 1 mm exposed for subsequent testing.
Initial lesion creation
To create the initial lesion, specimens were immersed in 5 ml of 1% citric acid (Sigma-Aldrich, St. Louis, MO, USA; pH~2.3) solution, for 10 min, at room temperature [15] . After, they were rinsed with deionized water and the tapes were removed. The specimens were submitted to a second profilometric analysis (using the same parameters described before), in order to check the depth of the lesions created. The mean SL for the specimens was 4.48 μm (SD = 0.65). The specimens were then randomly divided into the 11 experimental groups (n = 8). Subsequently, the tapes were re-positioned on the polished surface of the specimens for the experimental procedures.
Treatments
The concentration of the active ingredients (NaF and SnCl 2 -Sigma Aldrich, St. Louis, MO, USA) in the gels was chosen based on previous studies [15, 26, 27] . In the Sn-containing gels, 2.3 g/l of D-gluconic sodium salt was added for stability purposes [9, 28] . All the gels were manipulated with 0.5% of hydroxyethyl cellulose and had their pH adjusted to 4.5, with either concentrated HCl or 1-M KOH solutions. Erythrosine and methylene blue were added in a concentration of 5%. The placebo gel was manipulated with only hydroxyethyl cellulose, without any active ingredient/actives. Irradiation with the Nd:YAG laser (Power Laser™ ST6, Lares Research®, Chico, CA, USA) was performed on the test area, perpendicular to the specimen surface, with slow sweeping motion, in contact and focused, using a 400 μm quartz fiber. The parameters used were the following: power of 0.5 W, 50 mJ of energy per pulse,~41.66 J/cm 2 of energy density, 10 Hz of repetition rate, and pulse duration of 120 μs. A trained operator performed the irradiation manually. It intended to cover the entire region of the formed lesion. The procedure was conducted in four 10-s irradiations (two in vertical movements and the other two in horizontal direction). An interval of 10 s between the irradiations was necessary for thermal relaxation of the enamel tissue [15] . Before all irradiation procedures, power output measurements were taken with a power meter (Coherent, Newport, USA), to observe any power loss during irradiations, which did not occur.
The gels were applied in the exposed area of the specimens with a disposable applicator, for 120 s. For the groups treated with the Nd:YAG laser, the irradiation was performed during the application of the fluoridated gels. The excess of the gel was removed with cotton rolls. After treatments, a third profilometric analysis was undertaken in order to verify whether the laser irradiation had caused any loss of dental tissues. The mean (SD) of SL obtained in this analysis was 4.38 (0.68), indicating that the treatments caused no further tissue loss.
Erosive challenges
The specimens were then subjected to an erosionremineralization cycling model, which consisted of 5-min immersion in 0.3% citric acid solution (natural pH of 2.6), followed by 60-min exposure to artificial saliva [29] . This procedure was repeated four times a day, for 5 days. All the experiment was conducted in ambient temperature (~25°C). Overnight, the specimens were stored in humid environment, at 4°C.
SL determination
At the end of the cycling process, the tapes were removed from the surface of the specimens and the fourth profilometric analysis was conducted, using the same parameters described above. An area 2 mm long (X) × 1 mm wide (Y) was scanned with the optical profilometer. The length covered both the treated area and reference surfaces. The step size was set at 0.01 mm and the number of steps at 200 in the (X) axle; and at 0.05 mm and 20, respectively, in the (Y) axle. The depth of the treated area was calculated based on the subtraction of the average height of the test area from the average height of the two reference surfaces by using Proscan Application software v. 2.0.17. A 3-point height tool was applied [15] . The calculated depth was considered as the total surface loss.
Statistical analysis
SL data, obtained at the end of the experiment (fourth profilometric analysis), were analyzed for normal distribution and homoscedasticity with Shapiro-Wilk and Brown-Forsythe tests, respectively. Then, the comparison among groups was performed with one-way ANOVA and Tukey tests. The significance level was set at 5%. SigmaPlot 13 software (Systat Software Inc., Chicago, IL, USA) was used for the calculations.
Results
The means (SD) of the SL data are presented in Fig. 1 . Group F + Sn + laser presented the lowest SL, but they were not significantly different from F + Sn (p = 0.998), F + MB + laser (p = 0.974), F + Sn + MB + laser (p = 0.75), and F + laser (p = 0715). These four latter groups did not differ among them and from F, F + E + laser, and F + Sn + E + laser (p > 0.05). The placebo showed the highest SL values, being not significantly different from placebo + laser (p = 0.526). The laser group was not different from placebo + laser (p = 0.599), but it presented significantly lower SL than the placebo gel group (p = 0.002).
Discussion
In this study, the addition of photo absorbers to fluoridated gels did not increase the combined effect of Nd:YAG laser and fluoride against enamel erosion, thus rejecting our hypothesis. Nd:YAG laser is an infrared laser with a wavelength of 1064 nm that is better absorbed by pigments. Previous studies suggest that pigmentation of the dental surfaces can result in increased Nd:YAG laser absorption [24, 30] . The use of photo absorbers would prevent a deep penetration of the laser irradiation in enamel and dentin, thereby enhancing its superficial effects and lowering the chances of pulp damage [24, 31] . The layer of dye over the surface would rapidly absorb the energy from the laser, thus increasing its temperature. The heat from the dye would be then transferred to the dental surface, where in combination with the energy that is directly absorbed by this tissue, will promote an effective melting [25] .
Although most of the studies that tested the Nd:YAG laser irradiation with photo absorbers was concerning the occlusion of dentinal tubules, we assumed that the theory of an increased effect could also be true for enamel erosion prevention. However, according to the results of the present study, the laser could not enhance the protection given by the gels Fig. 1 Means (SD) of enamel surface loss for all groups. Different letters imply significant difference among groups (p < 0.05) containing F and F + Sn, regardless of the presence of the photo absorber. Proposed mechanisms to explain the laseractivated fluoride effect would be related to an increase in fluoride deposition and uptake by the dental hard tissues [21] , as well as the transformation of hydroxyapatite in fluorapatite [32] . Data showing the synergistic effect between fluoride and Nd:YAG laser against enamel erosion are, so far, inconclusive. After 5 days of erosive cycling, Rios et al. [17] were not able to observe such synergic effect. In their study, no photo absorber was employed, but the energy density was close to the one used in the present study (52.5 versus 41.7 J/cm 2 , respectively). The authors observed that the combination of Nd:YAG laser with a NaF varnish (2.26% F) or an acidic phosphate fluoride gel (1.23% F) was no better than the varnish or gel alone. In other two investigations, triturated coal paste and higher energy densities were used for the laser irradiation, which was performed in association with topical fluoride application in different compositions and as different compounds [33, 34] . In one of the studies, the laser only increased the anti-erosive effect of a titanium tetrafluoride (TiF 4 ) solution (2.45% F), but this was not observed for a TiF 4 varnish (2.45% F) and for sodium fluoride varnish and solution (NaF, 2.26% F in both) [33] . In the other, significantly lower mineral loss was observed by combining Nd:YAG laser irradiation and acidic phosphate fluoride gel (1.23% F) application [34] . From past reports, it is known that Nd:YAG laser irradiation with power settings lower than 0.6 W does not cause tissue damage in enamel [35, 36] . To be within the safe range, in the present study, we have opted to use a power of 0.5 W, resulting in an energy density of~41.66 J/cm 2 [15] . Based on these results, it is clear that the effect of the association between Nd:YAG laser and topical fluoride against erosion needs to be better determined. The use of higher parameters with photo absorbers, such as a triturated coal paste, seems to be an interesting option, but the temperature increase at the enamel surface and the possibility of ablation warrant further investigations.
The use of erythrosine and methylene blue as photo absorbers was chosen because both have shown a promising effect previously, where different conditions for sealing dentinal tubules with Nd:YAG laser were tested [25] . In addition, these dyes could be efficiently dissolved in the gels to achieve the desired concentration. It should be mentioned, however, that both dyes do not have maximum absorption bands that matches the Nd:YAG wavelength used, which may also help explain the lack of additional benefits observed. It also should be considered that the absorption of the laser irradiation by biological tissues depends on the presence of free molecules of water, proteins, and pigments [25] . In this sense, despite we have tried to standardize a very thin gel layer at the enamel surface, the possibility that the gel may have interfered with an effective interaction between the laser and the tooth should not be disregarded.
Despite not showing a positive synergy between the laser and fluoride, the Nd:YAG laser alone was able to significantly reduce enamel loss when compared to the placebo group. The mechanism in which lasers can prevent demineralization is not completely understood. However, it was hypothesized that due to its thermal effects, the laser can induce the formation of a less soluble enamel by decreasing its carbonate content and potentially forming pyrophosphates [37, 38] . In addition, the permeability of enamel is reduced, which was attributed to a sealing resulting of the melting and re-solidification, or to a partial degradation of the organic matrix, which leads to an obstruction of the inter-and intraprismatic spaces, thereby decreasing the acid diffusion pathways into enamel [39, 40] . This result is contrary to a previous investigation conducted by our group [15] , in which the Nd:YAG laser used alone, at the same parameters, fails to show any anti-erosive effect. The reason for these discrepant results may be related to the less aggressive erosive challenge herein performed, which used a lower concentrated citric acid solution (0.3% versus 1%), in addition to a reduced frequency of acid challenges a day (four times versus six times). In view of this, it could be assumed that in the more aggressive erosive model, the surface modified by the laser was more rapidly removed, resulting in no prolonged protection [15] .
Nevertheless, it must be pointed out that the protection offered by the laser was not comparable to the one promoted by the fluoridated gels. The effectiveness of fluoride in preventing enamel erosion was subject of many researches in the last years. Although there is evidence of an anti-erosive effect, it is thought to be limited, due to the more aggressive nature of the erosive challenges [41] . Sodium fluoride is a widely used fluoride compound, which can exert a protection against erosion by forming CaF 2 -like precipitates, especially when used at high concentrations and/or at low pH [41, 42] . Approaches to increase fluoride protection against erosion were suggested, with the use of fluoridated compounds containing metal cations, such as SnF 2 and TiF 4 , which besides CaF 2 -like materials are able to form more acid-resistant surface precipitates [41] . However, in the present study, no significant difference was observed between the protection given by the F gel and a gel containing F and Sn. Similar finding was observed in João-Souza et al. [15] . In that study, the gel containing F + Sn was in fact less effective than the gel containing F only. One of the hypotheses formulated to explain this result was that the carboxymethyl cellulose, an anionic molecule used as a thickening agent in the gel, might have reacted with Sn, reducing its availability to interact with enamel. To overcome this issue, in the present study, hydroxyethyl cellulose was used to increase the viscosity of the gel, due to its neutral characteristics [43] . It could also be assumed that the mobility of Sn ions was reduced due to the high viscosity of the gel, rendering lower availability of Sn ions to interact with the enamel. Another possibility was related to the frequency of application, since most of the studies that showed a synergy between F and Sn were performed with solutions that were applied at least once a day [9, 28] , whereas here, despite having higher concentrations of F and Sn, the gel was applied only once, before cycling.
Conclusions
Under the conditions of this in vitro study, it can be concluded that all fluoridated gels and Nd:YAG laser irradiation were able to reduce enamel erosion, but the combination of treatments (fluoride plus laser) did not promote further protection. The addition of photo absorbers to the fluoridated gels did not influence the anti-erosive effect of the combination of laser plus fluoride.
